In October 1914 Sheina entered Glasgow University. She attended the 1914-15 session but then took a year off. An uncle by marriage was J. S. Macarthur, the metallurgist who invented the cyanide process for the extraction of gold which revolutionized gold mining in South Africa. He had also worked on the extraction of radium and in 1914 set up a small industry at Balloch for the use of radium for the illumination of clock faces and dials of instruments for the armed forces. It was there that Sheina worked for a year. She returned to Glasgow for the 1916-17 session and, after taking zoology, botany and physiology, graduated B.Sc. with distinction in November 1919. She held a Carnegie Fellowship at the University from 1920 to 1922. She was awarded her D.Sc. in 1934. 370
Biographical Memoirs

T he M illport laboratory and research on marine production
The laboratory at Millport had had a long history as a centre for faunistic studies. Originating from John Murray's Ark, which had been removed to Millport from the Firth of Forth in 1885, the new laboratory was built in 1897 to house also the museum of marine specimens collected by David Robertson. The latter, whose life is so fully recorded in The naturalist ofCumbrae by T. R. R. Stebbing, had already attracted a number of famous scientists of the day to visit Millport, including Anton Dohrn from the recently founded Naples laboratory. But Millport had always remained independent of government aid and under the supervision of Richard Elmhirst from 1907 continued to attract visiting research workers.
In 1921 the Development Commission, who had up till then assisted Ply mouth, Port Erin and Cullercoats, decided that great importance should be attached to Millport in view of its situation in the midst of a distinctive area of sea water peculiarly rich in marine fauna' (D.C. Report for year ending 31 March 1922). They decided to give a grant to make possible the addition of two permanent appointments on the staff. At the same time, in October 1922, delivery was received of a larger boat, the Boy Gordon, now registered in the name of the Association as Nautilus, a 40 ft east coast motor fishing vessel purchased in Buckie'. f report for the year ending 31 March 1923 the Commissioners say: Miss S. M. Marshall naturalist began work in October. She has been studying the food of copepods, particularly Calanus finmarchicus, in view of its import ance as fish food.' In their report for the year ending 31 March 1924 they say: 'Mr A. P. Orr was appointed Biochemical Assistant; he started a survey of the physical conditions of the Clyde Sea Area. ' The arrival of these two scientists was soon to revolutionize the position of the Millport laboratory to be in the forefront of the study of marine production. Sheina Marshall's first published paper was an account of the early embryo of the anteater Myrmecophaga juhata. This had been obtained by W. E. Agar on the Gran Chaco expedition in 1907-8. She described the embryo in detail under the guidance of Agar and Graham Kerr.
While holding her Carnegie Scholarship at Glasgow University Sheina Marshall also studied the structure and behaviour of Hydra. She observed especially the feeding reactions, noting that the base was insensitive to touch. She fed them with Daphnia which had been kept in a weak solution of litmus for 18-24 h so that the alimentary canal in the head region had a pink tinge. When the Hydra captured these and the nematocysts stuck into the head region of the Daphnia the pink traces turned to blue, possibly indicating an alkaline reaction of the nematocyst poison. She noticed that the sizes of the nematocysts were reduced if the animal was starved. This paper gave early evidence of her powers of careful and critical observation.
As a result of her first studies on microplankton she described a new species of dinoflagellate, Proterythropsis vigilans, but the first paper to start her on her life's work was published in 1924 when she described the feeding of Calanus and other copepods. Millport has always proved exceptionally well situated for studies for which a continuous supply of living organisms is required, because all that is necessary to collect plankton is to stream a tow-net from Keppel Pier. Thus Sheina daily collected throughout the year her first 5000 Calanus for examination. She found that 52% had recognizable food, including diatoms, dinoflagellates, silicoflagellates, coccolithophores, radiolarians, and significantly already noted by her were crustacean remains. She found that if left alive in a jar for several hours all the guts were filled with copepod remains, indicating a carnivorous habit, so she always examined her specimens within 1-2 h of capture. She noted that in the summer they fed both by day and by night, but that from November onwards they stopped feeding in daylight until an hour or two after dark, and that they even did not feed in moonlight. The gut of Calanus reflected fairly accurately the progressive changes in the microplankton.
With the arrival of A. P. Orr on the scene and the provision of the Nautilus observations were expanded into major surveys from January to October in 1924 and 1925 of the physical and chemical conditions and plankton distribution over all the lochs of the Clyde Sea Area, which had been so well described from the physiographical point of view by H. R. Mill and John Murray. Three series of cruises were made in 1924 and there was found to be a considerable difference between one part of the area and another even at the same time of year, a difference very marked in Loch Fyne. In February diatoms were to be found very abundant in Loch Fyne and scarce at Keppel and in the rest of the area. In August, while everywhere Chaetoceras sociale was abundant, Loch Fyne was poor in diatoms, and similar differences were found in the abundance of copepods. Generally diatoms were found to increase in abundance towards the heads of the lochs. It was in the hope of elucidating some of the differences that diatom cultures were started in the laboratory. Tow-nettings and water samples were taken twice weekly off Keppel from 1923 to 1926.
As a result of this preliminary wide survey it was found that in some areas enrichment was due to pollution and it was decided to select an area most suitable for a complete survey throughout the year. Loch Striven was chosen.
It has no village on its shore and is therefore unpolluted. The ratio of land drainage area to water surface is small so that rainfall has less effect on the loch. Also it is close to Millport and could be reached in 2-3 h. It is sheltered so that work can go on in any weather and there is a good harbour nearby.
Two stations were to be worked, one at the head of the loch in 14 fathoms and the other at Clapochlar in 30 fathoms. Weekly observations were made from the end of January to the end of November. Data collected included temperature, salinity, oxygen concentration, pH, phosphate, nitrate, nitrite, silicate, wind strength, hours of sunshine, phytoplankton and zooplankton.
It should be realized that at that time, although the importance of nutrients had long ago been shown by Nathansohn and others, it was only quite recently that W. R. G. Atkins and H. W. Harvey had improved on methods for chemical analysis. Apart from the much earlier seasonal study by Lohmann at Kiel, only spasmodic observations had been made elsewhere linking chemical and physical changes with those of the plankton. No sustained survey combining all the most recent methods had been made in detail throughout a season. The Loch Striven survey was therefore to prove a landmark in the study of marine pro duction. The observations, for instance, showed very beautifully the sequence of a diatom increase beginning at the surface and gradually spreading into deeper layers. Dinoflagellate occurrence was related to high temperature. The more numerous diatom increases in Loch Striven as compared with the open sea were due to more frequent mixing by the wind. It was found that the amount of sunshine in the early part of the year did not exert any apparent influence on the date of diatom increase in the Clyde Sea Area for the Loch Fyne increase might occur a month earlier than that off Keppel Pier. They concluded that a measure of the total incident light, and not only the sunshine, would be a more reliable index.
Among other things they noted was the succession of species in the autumn diatom maximum which occurred in August. Three species predominated, Nitzschia senata, Leptocylindricus danicus and Eucampia in that order of occurrence. When N. seriata had left the surface and become most abundant at 5 fathoms, L. danicus appeared at the surface. In a similar manner E. zoodiacus succeeded L. danicus. After September Skeletonema appeared. Succession in diatoms was well known but had perhaps never been so well illustrated. They concluded: 'It would seem that each diatom depends on minute amounts of a substance varying with each species of diatom, or else that there is an internal factor which is not yet known.' The problem still remains unsolved. Nathansohn had suggested that phytoplankton might excrete some injurious substance.
In addition to those which had been done in the laboratory, Marshall and Orr now did culture experiments in the sea. These were the first experiments in which cultured diatoms were suspended in the sea. With the use of clear and blackened bottles they were suspended in Loch Striven at different depths. There was at that time no suitable method for continuous light measurement at different depths, and photosynthesis was measured by oxygen production.
These observations confirmed those made long ago by Schimper in Antarctic waters that light at the surface could be too strong. Their observations through out 24 h in bright weather showed a decreased photosynthesis at the surface and at 2 m during the brightest part of the day, compared with that on a dull day. On a bright winter day only a very short period was available for photo synthesis, but even then the mid-day sun might be injurious at the surface. They concluded that the compensation point at which respiration and oxygen production balance was in inshore waters near the surface in winter deepening to 20-30 m in summer. As did Schimper, they found that diatom cells col lected near the sea surface appeared pale and unhealthy with the chromatophores contracted. They also noted that during the spring diatom increase the cells might be so abundant that they cut down the light penetration and the compensation point rose.
In 1927 and 1928 Sheina and A. P. made a more detailed study of the diatom increase in Loch Striven, reducing from the previous weekly observations to one every two days. This showed that the increase appeared less regular when examined at frequent intervals and they found that vertical mixing had an important effect on the form of the increase. Increasing light allows the spring increase to begin and as soon as the loch becomes stabilized the increase runs its normal course. They pointed out that in winter, although there might be sufficient light at the sea surface, mixing carried diatoms down and prevented a major increase.
In these classic investigations on primary production and the biology of the phytoplankton earlier observations were amplified and confirmed and the ground prepared for future research.
After an interlude on the Great Barrier Reef Expedition (see p. 380), attention was turned to secondary production in the sea and the part played by copepods as the chief consumers of the phytoplankton. As with their work on primary production, they were to make a significant impression on the study of copepod biology. In fact no one in the world has studied copepods so assiduously and over so many years of continuous research as Sheina Marshall whose knowledge of the details of their habits and behaviour was unsurpassed. Sheina who, as already mentioned, had investigated the food of copepods published in 1933 the results of a study on the seasonal variations in the size of Calanus in the Clyde Sea Area. In 1935, together with A. P. and a colleague from the Barrier Reef Expedition, A. G. Nicholls, a full report was published on the seasonal distri bution, size, weight and chemical composition of Calanus in Loch Striven and its relation with the phytoplankton. They showed that there were three generations in the year, and incidentally that parasites were most abundant in females from the autumn-winter stock. Further experimental observations by these authors showed that lethal temperatures for Calanus were 24 °C in winter and 26 °C in summer, and that copepodite stage Y was more resistant than the adult. Measurements of oxygen consumption showed that below 3 ml 0 2 per litre respiration decreases and at 1-2 ml/1 they are killed. Calanus could tolerate lower oxygen concentrations at 5 than at 15 °C. Immature copepods had a lower oxygen consumption in spite of their greater activity.
An interesting observation was that there was an initial fall in respiration rate during the first few hours after capture thus indicating stress and the need to acclimatize the animals before making experimental observations. They found that Calanus could be acclimatized to salinities as low as 12-13.6%0 and that light might increase the respiration rate by 100% or more. A preliminary study was made on the digestive enzymes.
At this stage attention was turned to the herring (see p. 380), but the war intervened (see p. 381). Immediately after the war Sheina and A.P. resumed their interest in the biology of copepods. In 1949 Sheina published the results of a study of the smaller copepods in Loch Striven. She worked on seven species examining their seasonal life histories, food and vertical distribution.
One aspect in which a great advance in knowledge was made was the egg production and spawning in Calanus. In part of this research they were joined by J. P. Harding. Eggs were mainly laid between midnight and 3 a.m. The total egg production had a maximum figure of 586 and laying might be spread over as much as 74 days, usually in bursts each lasting a week. One fertilization was sufficient.
They found that egg production was largely dependent upon the food avail able. If kept in natural seawater Calanus produced only a small number of eggs unless the water was rich in diatoms. All the diatoms they tested were found to be effective for egg production, but not all flagellates. When fed on Chlamydomonas cells containing radioactive phosphorus, strongly radioactive eggs were laid after only 8 h.
Details of the hatching process in Calanus and other copepods which had not previously been described were studied. The free eggs have two membranes the outer of which cracks first allowing the inner membrane with contained nauplius to pop out. The egg then becomes spherical and swells, to as much as five times its original diameter in Calanus, thus giving space to allow the nauplius free movement. The nauplius suddenly tears the membrane and swims away, the whole process taking 10-15 min at 15 °C. In species in which the egg is attached the inner membrane is generally left attached to the outer.
They made further studies using radioactive phosphorus in diatom and flagellate cultures to study food uptake, assimilation, and excretion of adult and stage V Calanus. The volume of water filtered varied between 1 ml and 40 ml in 24 h and was lower when the concentration of food cells was high. A large proportion of the 32P went to the ovaries in females and to the fat in stage V. In an actively laying female much of the 32P appeared as eggs.
As regards the proportion of food digested, the results were much higher than was the generally accepted opinion, being usually greater than 50% and often over 90%. Calanus fed better in the dark than in the light and organisms below ca. 10 (j,m could not be readily filtered off. There was great variation between individuals. But their conclusion was that there was still a gap between the food required and the actual amount of food available in the sea. In this [facing page 374] connection Sheina's early observation when studying the food of copepods that they ate crustaceans was significant, a point later to be confirmed by A. G. Lowndes.
The rapid transfer of phosphorus to the eggs confirmed their earlier obser vation that food was required to stimulate spawning, so that the young could hatch in an environment rich in food. So they continued their investigations by studying the feeding and digestion in the young stages. It was necessary to know what the nauplii and early copepodite stages could eat and digest. For this they again used radioactive phosphorus and also made measurements of the setule spacing on the maxillae to get some idea of the size of organism that could be retained. Nauplius I and II do not feed, but from Nauplius III to Copepodite III they found that the maximum filtration in 24 h increased gradually from 1 to 9.2 ml. The nauplius was able to feed on much the same organisms as the adult and could take cells up to 20 pm such as Skeletonema, Prorocentrum and Syracosphaera. As with the adult the very small flagellate Nannochloris, 2-4 pm, was not taken to any extent by the young stages.
They found that the setules were 50-100% wider apart in C. helgolandicus than in C. finmarchicus. Chromosome counts made in collaboration with J. P. Harding showed also that these two species were distinct, and they also recorded triploid eggs in C. finmarchicus which hatched into monsters.
In 1956 they published an account of observations on respiration and feeding in the smaller copepods with estimates of the volumes swept clear. As with Calanus, crustacean remains were also found in the guts.
Seasonal changes in oxygen consumption were then reinvestigated because there was now a discrepancy in the amount of water filtered of 1-250 ml in laboratory experiments and a figure of 1500 ml suggested by D. H. Cushing based on findings at sea. They found that seasonal changes were considerable and related to size. They thought that it was difficult to believe that in winter copepods would find sufficient food for their requirements and suggested that perhaps they depended on predation.
About the same time they studied again the vertical migration, especially of females to see whether the ripe individuals occurred nearer the surface. Con siderable variations in the migration patterns of adults and stage V were found in different years, but ripe females migrated more and remained higher in the water than did immature specimens. In this connection they found that eggs of Calanus, which they had previously observed to be laid at night, all occurred above 50 m. As a result, most of the nauplii hatch in surface waters and occur mostly above 30 m. The eggs had been found by Gross and Raymont to sink about 36 m in 24 h. Marshall and Orr wondered therefore how the eggs were kept in the upper layers and suggested that their sinking might be impeded by mucous strings from diatoms. They accordingly placed eggs in filtered sea water and in diatom cultures. The eggs sank regularly in the former but irregularly in the latter. Earlier these two had been to Tromso to study egg production and found that eggs were laid at night and that spawning coincided with abundance of diatoms.
In 1961 they published further observations on the phosphorus cycle in Calanus. Feeding them with 32P-cultured Skeletonema and they found that 38% of the phosphorus ingested could come out again within 24 h as eggs. The average returned as eggs in six days following a radioactive meal was 47*3%, the highest being 72*4%. They considered that this indicated an insistent demand for phosphorus by the ovary and explained why females lay eggs freely when well fed. The liberation of phosphorus from dead Calanus was very rapid, being almost complete in three days.
A search was then made for a quicker method of estimating phytoplankton production by making simultaneous measurements of diatom counts and carbohydrate in particulate matter during spring outbursts in Loch Striven. It was concluded that the amount of carbohydrate was a fairly reliable guide to the quantity of phytoplankton when the latter contained a large proportion of diatoms.
In 1962, A. P. Orr died and after his death Sheina continued to publish their joint work. They had found that measurement of organic matter in suspension was a less reliable guide to the amount of phytoplankton present than measure ment of carbohydrate because zooplankton detritus was included in the organic matter. This led them to consider the possible importance of detritus as food for copepods.
It should at this stage be mentioned that apart from the work on , much of the range of investigations described in the previous pages was also undertaken on the seven or eight species of smaller copepods occurring in the plankton in the Clyde Sea Area. In this work Sheina was herself a major con tributor with her great knowledge of the life histories of the copepods and indeed her profound knowledge of the microplankton in general, including diatoms, flagellates and protozoa.
It was evident that there were a number of outstanding problems still to be investigated and in 1965 Sheina started collaborating with E. D. S. Corner, biochemist at the Plymouth laboratory. Dr Corner himself describes their joint research until her death.
'An interest in the quantitative importance of zooplankton in the marine nitrogen cycle led me, in the early sixties, to carry out several studies in collaboration with C. B. Cowey (Fisheries Biochemical Research Unit, Reading) on nitrogen metabolism in Calanus. Sheina took an active and encouraging interest in this work, most of which was done during visits to Millport, and she eventually joined us in making detailed investigations of the effects of various factors on nitrogen excretion by the animals.
'In the first of these studies our chief finding was that nitrogen excretion increased at higher food concentrations-as might occur during a spring phytoplankton increase-but diminished during starvation; in addition there was evidence that nitrogen excretion by the young stages was greater, relative to their body weight, than that of adults. This latter finding was confirmed in a subsequent study in which nitrogen retention and excretion were measured at all stages from egg to adult. Excretion experiments with naupliar and early copepodid stages of Calanus required very large numbers of these small animals to be identified and separated by eye from townettings, an exacting task that could not have been successfully accomplished without Sheina's remarkable expertise and immense patience. The data were eventually used to evaluate two important factors affecting Calanus production in the sea: first, that the quantity of dietary nitrogen assimilated (i.e. digested and absorbed) by the animals was approximately 60%; second, that during a life-span of nearly 10 weeks the animals used roughly a quarter of the nitrogen they captured as food in order to build new tissue and produce eggs, the remainder being lost as faecal pellets, moults and excreted end-products of metabolism.
'In mathematical models relating to secondary production in the sea the transfer of material from plant to animal had been considered in terms of carbon only. It seemed likely, however, that the efficiency with which zooplankton converted plant constituents into animal tissue would vary depending on which fraction of the diet was investigated. I therefore became interested in comparing the fate in Calanus of two important bulk constituents of the diet, namely nitrogen and phosphorus. Sheina, in her earlier work with A. P., had already studied various aspects of phosphorus metabolism in Calanus, and once again her expertise proved invaluable in a further joint study, this time involving my Plymouth colleague E. I. Butler, an expert on seawater chemistry.
'We found that although phosphorus in the diet was assimilated more readily than nitrogen, phosphorus turnover by the animals was more rapid and the percentage of ingested phosphorus retained during growth from egg to adult was actually less than that of nitrogen. The work confirmed earlier evidence that ammonia accounted for nearly all the soluble nitrogen excreted by the animals, and also showed that both nitrogen and phos phorus excretion were higher during the spring diatom increase in the Clyde than in winter when plant food was scarce.
'Although Sheina and A. P. had already shown in their laboratory studies using radioactive phosphorus that the assimilation efficiency of Calanus was high, others (particularly the Russian scientist Beklemishev) claimed that "superfluous feeding"-a wasteful process whereby the animals were supposed to respond to a spring diatom increase by releasing most of the food they captured in an undigested form-was still characteristic of Calanus feeding in the sea. Accordingly, we decided to apply methods used in our previous study to estimate the assimilation efficiency of Calanus feeding naturally in the sea on a spring diatom increase.
'The main effort was made in the spring of 1969, during which there was a marked increase in body levels of nitrogen and phosphorus in stage V and adult Calanus representing the new spring generation in the Clyde. The N : P ratios in the material laid down by the animals, and in their faecal pellets, soluble excretion products and plant food, were repeatedly determined during this period and the data used in calculating assimilation efficiencies. These were found to be 77% for dietary phosphorus and 62% for dietary nitrogen, high values consistent with the results of the earlier laboratory studies carried out by Sheina and A. P.
'The data also allowed us to prepare complete nitrogen and phosphorus "budgets" for the animals. Thus, of the total dietary nitrogen captured 36% was excreted in soluble form, 38% was lost as faecal pellets and 26% was invested in growth: corresponding values for dietary phosphorus were 60, 23 and 17% respectively.
'The investigation, which extended from April 1968 to June 1969, revealed a good correlation between the excretion rates of both nitrogen and phosphorus and the levels of plant food available in the sea; and the sharp increases in these excretion rates during spring led us to suggest that a faster turnover of nutrients was the main response of Calanus to a diatom increase, not "superfluous feeding" .
'Further data showed that in the Clyde Sea Area Calanus could not sustain the low levels of nitrogen and phosphorus excreted simply by depleting their body levels of these constituents and must therefore be feeding at a time of year when plant food was scarce. A further finding was that whereas ammonia accounted for most ( .90% ) of the nitrogen excreted at all seasons, the sharp increase in phosphorus excretion during spring was caused by the release of large quantities in the organic form.
'The indication that zooplankton excretion might be an important factor in the organic phosphorus cycle in the sea interested us considerably and we would have liked to know more about the chemical nature of this organic material and whether it was of nutritional value to microalgae. However, we gave first priority to investigating food sources other than plant material that might be used by Calanus during winter, and as there had been no previous study of the nutritional value to zooplankton of non-living diets we were anxious to include experiments with different forms of detritus.
'There was a delay in starting work on this problem because Sheina had been invited to spend a year at La Jolla, California, with the late Dr J. D. H. Strickland's group, using the technique of holography to examine the feeding mechanism in copepods; and she decided to make this visit in 1970-71 before beginning our joint study with overwintering Calanus. Unfortunately, however, the death of Dr Strickland, together with numer ous technical problems that beset the holography equipment, prevented her from carrying out her research in La Jolla: instead, therefore, she completed a definitive review on the feeding and respiration of zoo plankton, which she published in 1973.
'In our study of sources of food for overwintering Calanus our choice of test diets was influenced by the keen interest, prompted by a stimulating re view by Dr G. A. Riley (Institute of Oceanography, Dalhousie University), that was then being shown in the nutritional value of aggregates formed in the sea by the adsorption of dissolved organic substances on subsurface bubbles arising from wave action. While Sheina had been in California, I had constructed a foam-tower at the Plymouth Laboratory and we included among the test diets particulate material prepared by bubbling seawater enriched with soluble organic compounds released by unicellular algae. We also used non-living suspended material occurring naturally in the Clyde Sea Area, which Sheina collected daily through out the winter of 1972-73. In addition, because of the view, long held by Sheina, that Calanus might feed as a carnivore during winter, we tested both living and dead microcrustaceans (barnacle nauplii) as a food.
'These various test diets, used at the same concentration in seawater, were all readily captured by the animals. However, we found that neither body nitrogen nor body phosphorus was sustained by the natural detritus collected from the Clyde, fed and starved animals losing both constituents at the same rate; secondly, that although the material produced by the action of rising bubbles sustained the level of nitrogen in the animals, body phosphorus was lost at the same rate as that shown by starved controls. By contrast barnacle nauplii, whether living or dead, were readily eaten by Calanus and were fully adequate in sustaining both nitrogen and phos phorus in the animals. It seemed probable, therefore, that Calanus re plenished its body levels of nitrogen and phosphorus during winter by feeding carnivorously.
'We completed our study, at Plymouth, in 1973 and at that time I did not realize that this would be the last occasion when I would have the great privilege of working with Sheina. During 1974 she went to Villefranche to study egg-laying by two further species of copepod ( and Centropages), while I began a quantitative investigation into Calanus feeding as a carnivore. We had planned to carry out a further joint study, once I had completed this work, to see whether Calanus would feed selectively on animal diets when plant cells were also present. However, she was dissatisfied with the experiments she had carried out at Villefranche and decided that she must give priority to making a further visit there in 1975.
'During that year she suffered a bad attack of pneumonia which seriously undermined her strength; and this was followed in 1976 by the development of a cataract in both eyes which prevented her from undertaking any further experimental work. Accordingly, although she remained active at her desk until her death in 1977-writing lectures, refereeing papers, preparing further review articles and readily giving invaluable advice to her younger colleagues-our joint paper on the nutrition of overwintering Calanus was her last scientific publication. Significantly it appeared in 1974, which meant that her published work on the feeding of Calanus had spanned exactly half a century.' H erring investigation In 1934 and 1935 in order to carry their study of marine production to the fish level Sheina and A. P. together with Aubrey Nicholls, investigated the production of herring. After a preliminary research the spawning ground off the south west coast of Arran was selected. 'The intention was to take weekly samples of the larvae and to follow the changes in length, weight, chemical composition, and food and to correlate the last with changes in the plankton. ' This was probably the most complete observation made on a single stock of herring. Having located the spawning ground, the larvae were followed on their northerly migration until metamorphosis in Loch Fyne. A rate of growth in length of about 3 mm per week was found. In this investigation most of the work had to be carried out at night when the larvae are most abundant in collections and in this Sheina took her full share. Aubrey Nicholls recalls 'the many dreary hours we spent in a fruitless search for herring larvae, returning night after night to continue the search until success was achieved.'
G reat Barrier Reef
In 1927 through the initiative of Graham Kerr, then Chairman of the Execu tive Committee of the Scottish Marine Biological Association, Marshall and Orr were enabled to take 18 months' leave of absence from Millport to join the Great Barrier Reef Expedition which, under the auspices of the British Asso ciation and Royal Society, was organized and led by C. M. Yonge. This ex pedition was to be based for a year on Low Isles north of Cairns on the Queens land coast with the intention of carrying out a continuing survey of a coral reef and its surrounding waters throughout a year. Sheina and A.P. were to make observations on the physical and chemical conditions and on the micro plankton in the area for comparison of tropical waters with those of temperate latitudes. J. S. Colman and I were responsible for the study of the zooplankton.
This was in fact the first thorough investigation of this nature to be under taken in tropical coastal waters. It was found that there was little or no change in quantity of plankton throughout the year compared with the seasonal changes in temperate waters. The amounts of nutrient salts also remained consistently low. Sudden increases in the numbers of diatoms coincided with the occurrence of strong winds, which also brought pennate diatoms from the bottom up into the plankton. At the same time the numbers of planktonic species also increased, probably due to the stirring up of organic matter from the bottom muds. Owing to the rather persistent winds the shallow coastal water column was never really stabilized by a thermocline. Occasional changes in composition of dinoflagellate and coccolithophore populations occurred when high salinity oceanic water entered the lagoon channel.
During the 13 months on the island Sheina engaged in a number of other investigations. She described the occurrence of tintinnids in which she had a special interest (in 1969 she produced the plankton identification sheets) and also of the silicoflagellates. In all she dealt with 56 species describing three new species of silicoflagellates. She studied for the first time the oxygen production in coral planulae by suspending them in bottles in the sea. During 24 h the amount of oxygen produced by the symbiotic algae was found to be insufficient to balance the oxygen used by the combined respiration of planula and algae. But she thought that probably excess oxygen was produced during the brightest hours of a sunny day. She counted the numbers of symbiotic algal cells in individual pale-, medium-and dark-coloured planulae and found a range of 1150 to 7400 cells per planula.
With T. A. Stephenson she observed the times of liberation of planulae from corals. Porites liberated planulae throughout the year, but Pocillopora showed discontinuous liberation-with a possibility of lunar periodicity. No information was obtained from four other corals studied.
With A. P. Orr she made observations on the grade, chemical composition and differences between sediments collected from different parts of the reef flat in jars fixed in situ, and on the dependence of sediment distribution on winds. They also made bores to study the vertical distribution of the sediments. They described the manner in which corals could clear themselves of sediment by ciliary action, especially in Favia, and in Fungia in which the unattached discs were shown to uncover themselves when buried under sand. This was the first revelation of a capacity later found generally true for unattached corals. These were the first experiments of this kind since the much earlier investiga tions of A. G. Mayer in the field.
Sir Maurice Yonge writes:
'My wife and I had no more than just met Sheina and A. P. before the expedition party gathered at St Pancras station to catch the boat train to Tilbury and board the Ormonde. We all got to know each other during the 6 weeks' voyage to Brisbane (and subsequent 3 day train journey to Cairns!). I came to realize with what assurance-and I was sadly inexperi enced-I could face the prospects of 13 months on the restricted space on Low Isles sand cay, some 3 acres as it turned out when the tide was high. I had the certainty of complete personal support, and life in a res tricted mid-tropical setting has its problems.
'At the end of the expedition the four of us broke our journey south to visit the Capricorn Islands over a period of wonderfully low tides and then dispersed to stay with separate hosts in Brisbane. To their surprise, we were together again a few days later to celebrate A. P.'s birthday. Looking back I cannot conceive of the Great Barrier Reef Expedition, a major event in the lives of all participants, without the scientific and personal contri butions made by Sheina Marshall and A. P. Orr.'
T he war years
During the war Sheina Marshall was actively engaged in two series of investi gations, the production of agar and a fertilization experiment in a sea loch.
Early in the war Professor Lily Newton and A. P. Orr had each written independently to the Ministry of Health on the need to find a local source of agar. This was especially so after Pearl Harbour when Japanese supplies were cut off. Of this work Professor Newton writes: 'Agar had been used for a great variety of medicinal, scientific and commercial purposes, but with the spread of the Second World War its use was restricted by law both in Britain and the U.S.A. because of its requirement for the preparation of vaccines for both the civil population and the armed forces. Dr Marshall and Dr Orr were members of the relevant committee of the Ministries of Health and Supply which decided to attempt to produce an agar from local seaweeds. In Millport they carried out a series of preliminary chemical tests to ascertain which sea weed would yield the most chemically suitable extract and would also be available in sufficient quantity. Dr Marshall played a prominent part in the extensive chemical work involved and she was also responsible for a great deal of field survey work on the mainland coasts and islands of the Clyde, as well as around Islay, Jura, Colonsay and Oronsay, to ascertain the frequency of the two algae Gigartina stellata Batt. and Chondrus cnspus (L.) Stackh., known collectively as carrageen. Eventually Gigartina was selected although this had not formerly been regarded as an agarproducing seaweed. Careful tests were carried out on melting and setting points, slope-holding and surface hardness, gel strength and viscosity. The high viscosity was found to be considerably reduced by the addition of potassium chloride which also increased the suitability of the extract for both chemical and biological work. It was ascertained that the gel strength varied seasonally, improving from April onwards and reaching a maximum from September to December. It was decided that July would be the best time to begin to harvest the plants when growth would be vigorous and storm damage would not have begun to take its toll. The plants needed to be plucked and not sheared so that regeneration was not impaired. Dr Marshall also experimented with the preparation of the harvested weed before despatch to firms responsible for the preparation of the agar. It had first to be washed in fresh water for a few minutes to remove readily diffusible salts and organic matter, before being dried in the sun or in warm air. It could then be packed in strong bags and would take no harm in transport by train to Glasgow. This part of the work, like the organization of the harvest by voluntary workers, was very time-consuming and Dr Marshall was also in continual co-operation with the commercial firms involved who had formerly been concerned with the making of ice-cream.
When it was found that Chondrus crispus occurred in a similar position to Gigartina in inter-tidal areas south of Scotland, in harvestable quantities, Dr Marshall carried out comparable chemical tests and ascertained that it could be included in the harvest without difficulty, though it only formed a small proportion of the total collection. Dr Marshall's wide knowledge of the coasts of the Scottish mainland and the islands was of great value in organizing the survey of the area and of finding local organizations of voluntary workers, who were prepared to collect the Gigartina which in many areas had been used as carrageen for both food and medicine. She took part in the harvest on the mainland coast and the islands. The total harvest in Britain in the war years amounted to 500 tons (dried). The resulting agar was used successfully for both chemical and bacteriological work and the manufacturing process was protected by patent both in Britain and abroad. Production ceased with the return of peace, the availability of Gelidium agar and the cessation of the voluntary labour for harvesting local seaweeds.'
During the war Sheina also collaborated in an experiment on the fertilization a sea loch. About this J. E. G. Raymont writes:
'During the early months of the war while Dr F. Gross and I were both working in the Zoology Department in Edinburgh University, we often discussed contemporary investigations on the effects of macronutrients, mainly nitrate and phosphate, on the growth of marine phytoplankton, investigations in which Orr and Marshall played a large part. Later Gross suggested possibly mounting a large scale field experiment to study the effects on marine production of addition of nitrogen and phosphorus fertilizers. With characteristic enthusiasm Sheina and A. P. made a number of suggestions for the experiment. A small, almost enclosed shallow arm of Loch Sween, Loch Craiglin, some 18 acres in extent, seemed an excel lent choice for the experiment, and our plan was helped forward enor mously when both Sheina Marshall and A. P. 'The experiment was planned to test the effect of commercial fertilizers on the crop of plankton, on benthos and on the growth of fish. A minor aspect of the investigation was designed to examine the rate of growth of oysters. Sheina Marshall took particular interest in an attempt to spawn oysters and rear young spat in a temporary hatchery-an emergency static water tank.
'With regard to the main experiment, the addition of fertilizers usually produced a very rapid response of phytoplankton in Loch Craiglin, especially of the nanoplankton (x-flagellates, which became enormously abundant. We had to add fertilizers in relatively small amounts frequently, and the rise in phytoplankton then followed in a matter of a few days. The response from other types of phytoplankton was sometimes not so obvious. A very rich spring burst of diatoms in the first year was rather similar to that in the outside control area. But a very obvious effect came late in the following year, in November 1943, when a very rapid and marked blooming of diatoms occurred after fertilization in Loch Craiglin, without an increase in the outside control loch. Even more obvious was a tremendous crop of dinoflagellates over the same period which continued right through the winter and spring until mid-summer of 1944 in Loch Craiglin. We believed that this was a cumulative effect of the several fertilizations.
'At times, however, particularly over the summer months, applications of fertilizers had little effect on diatoms and dinoflagellates. Sheina Marshall believed that the very dense growth of benthic algae, Cladophora and Ulva, over the floor of our very shallow loch in spring each year, and, somewhat later, a very marked growth of the flowering plants, Zostera and Ruppia, was responsible for the lack of response. These benthic plants competed for fertilizers.
'There was also a considerable build-up of zooplankton densities in Loch Craiglin which Sheina Marshall attributed to the general increase in the phytoplankton crop. During the spring, rotifers, the copepod Oithona and lamellibranch larvae were extremely abundant. Apart from the fluctu ating and low salinities, the great productivity and the growth of fixed benthos, together with the lack of circulation, caused tremendous de composition at certain times and this led to a very marked H 2S production and exceedingly low oxygen. By contrast, at the surface of the loch with the high phytoplankton crop, very high pH was experienced. Sheina Marshall stated that Loch Craiglin became one of the richest areas known and that fertilization usually had a very marked and rapid effect on phyto plankton, particularly the p,-flagellates.
'The effect on the invertebrate benthic population was much less rapid and there was a natural seasonal fluctuation in Loch Craiglin. However, after two years of fertilization the average summer density had approxi mately doubled, and from winter 1942 to winter 1944 the average biomass had increased three times.
'Sheina and A. P. were also engaged in the transport of small plaice and flounders to Loch Craiglin, which grew extremely well. Plaice assumed some two years of growth in one year. In two years flounders grew the equivalent of five to six years under normal conditions. Growth even continued in winter, presumably with the abundant food available.'
Incidentally John Raymont mentions that Sheina gave him his first lesson in the identification of copepods.
T he last years
J. A. Allen writes:
When the Scottish Marine Biological Association moved from Millport to Dunstaffnage, Sheina was torn between the loss of her colleagues and the thought of leaving her beloved Millport which had been the centre of her scientific and home life since the early 1920s. In the event she remained at Millport and continued to work at the Station after the Uni versities of London and Glasgow took charge in 1970. But she was able to maintain her ties with the S.M.B.A. and frequently visited friends and consulted the Library at Dunstaffnage; in fact, had done just this in the week before her death.
'In this last period of her life she continued her work unabated, vigor ously walking to the Station daily and as ever in both aspects setting a pace that was difficult for anyone to keep up with. The Universities in recog nition not only of her distinguished researches, but also of her support and delight in the affairs and wellbeing of the Station, conferred on her the first Honorary Fellowship of the Station.
'She always joined with staff and students at morning coffee, particularly taking great interest in the welfare of the younger generation.
'Latterly her one great regret was that her eyesight was deteriorating and that it was becoming increasingly difficult to carry out close workparticularly with her beloved Calanus. Because of this she turned to writing and had completed a personal history of the S.M.B.A. and had almost finished in rough a large review paper on Zooplankton Predation. In fact she seriously wished that the deterioration in her eyesight could have been speedier in that an operation could have been brought forward and thus enable her to continue her microscopical work. As it was, and as she would have wished, she worked until the day before her death. Gently and very peacefully she was lost to us-a loss that is hard to bear.'
Books
Sheina was joint author with A. P. Orr of a book entitled The biology of a marine copepod which was published in 1955. In this they brought together all that was known on the morphology and biology of Calanus, to which they had themselves contributed so much. This book was reprinted in 1972 and Sheina added a new preface and brought the list of references up to date. They also wrote together a small book for children in 1965 entitled Seashores.
In 1966 a volume of articles by different authors edited by Harold Barnes entitled Some contemporary studies in marine science was published in their honour.
Sheina also amplified and prepared for press A. P. Orr's Buckland Lectures delivered in 1957, which were published as a book with the title The fertile sea in 1969.
Sheina was a devoted research worker and her many friends tell of her per sistence in pursuing the means of obtaining results. She always insisted on taking her full part in the arduous tasks both at sea, often under severe conditions, and in the laboratory. It is probable that it was her quiet unassuming persistence that was the driving force in the Marshall and Orr combination. She was very independent by nature, but nevertheless earned the admiration and affection of all who knew her, in many parts of the world. She had unfailing good nature, a sense of humour and a deep sense of loyalty. She had many outside interests.
Her sister Margaret writes: 'She had a great appreciation of music, although she did not perform herself, and went to concerts and the opera whenever she could. She was very fond of walking and did many of the great passes in Scot land. She enjoyed travelling abroad and we had many holidays in Austria and Switzerland walking and collecting flowers. She was, like Mother, a gifted needlewoman and during the last few years she gave embroidery instruction to the Millport W.R.I. and took prizes in the inter-county competitions. She had an extraordinary word memory and in her younger days learned a great deal of poetry by heart, for pleasure, and even up to a year or two ago could recite Milton's "Ode to the Nativity". She was very fond of children of all ages and was very good at telling them stories and playing with them.'
In 1966 she went round the world with her sister Margaret and was warmly welcomed and respected in universities and marine stations in many countries.
Colleagues who have helped me, listed below, have given similar impressions and I should like to end with the words of Lily Newton: 'Dr Marshall was a delightful colleague, indefatigable in her work, a keen naturalist in the field and most generous in hospitality at home. A robin came to the breakfast table, the precious patchwork curtains were appliqued with S. M. M. 1944, and the house was adorned with little treasures collected, like her friends, from all over the world. After a busy day, she would walk along the shore in the evening, to watch the ring plovers, each pair occupying one sandy bay, or to enjoy the eider ducks busy with their families while the males congregated off shore. Her friendship was precious, her interests wide and, though nominally she had retired, it is difficult to imagine the Millport laboratory without her. ' Sheina Marshall was elected a Fellow of the Royal Society of Edinburgh in 1949, from which she received the Neill Prize in 1971. She became a Fellow of the Royal Society in 1963 and in 1966 was awarded the O.B.E. Just before her death she heard that she had been given an Honorary Degree of the Uni versity of Uppsala on the occasion of its 500th anniversary.
In 
